The alien invasive Gambusia affinis is one of the most widely introduced fish species on the planet, and has established in freshwater ecosystems across South Africa. The invasion ecology and, in particular, the population dynamics of the species in this country are, however, poorly understood. In this study the relative abundance and population dynamics of G. affinis were quantified in 5 interconnected irrigation impoundments within the Sundays River Valley, Eastern Cape. Four fish surveys were conducted from early summer (February 2012) to early winter (June 2012). Repeated-measures ANOVA analyses on the catch per unit effort (CPUE) of G. affinis between sampling events and dams revealed significant differences in population dynamics among dams, although an overall trend of rapid increase followed by plateau in summer, with a rapid decline in winter was seen in most dams. A general linear model assessing the role of biotic and abiotic factors on G. affinis CPUE found that water temperature and the presence of the native fish Glossogobius callidus had significant effects on the CPUE of G. affinis. While winter drops in temperature are likely to have caused mortality in G. affinis populations, and may act as the primary regulator of G. affinis establishment success in South African impoundments, the negative effect of G. callidus densities on G. affinis suggests competitive or predator-prey interactions with the native species.
INTRODUCTION
Species invasions are a principle driver of biodiversity losses (Lowe et al., 2000) , and identification of what determines successful invasions is a prerequisite for adopting sound conservation policies (Leprieur et al., 2008) . Freshwater ecosystems are at the forefront of the global biodiversity crisis, with more species facing local extinction than in marine and terrestrial environments (Johnson et al., 2008) . Hydrological alterations and biological invasions represent two of the greatest threats to freshwater biota (Johnson et al., 2008) . Invasive fishes in particular have had dramatic impacts on the native biota in aquatic ecosystems and are largely responsible for habitat degradation and species loss (Mack et al., 2000) .
South Africa is an alien invasive fish hotspot (Van Rensburg et al., 2011) . Sixteen of the thirty IUCN red-listed fish species native to South Africa are threatened primarily by predatory non-native fish species (Richardson et al., 2010) . As a result, a number of native fishes, amphibians and invertebrates have become locally extinct (Van Rensburg et al., 2011) . In addition to their direct impacts on native species, invasive fish also negatively affect aquatic macro-invertebrates and can alter habitats (Richardson et al., 2010) .
The mosquitofish, Gambusia affinis, is listed as one of the world's worst invasive species (Lowe et al., 2000) and, together with the closely-related G. holbrooki, is the most widely distributed freshwater fish in the world (Pyke, 2005) . Since its introduction into South Africa in 1936 for mosquito control, G. affinis has spread across southern Africa (De Moor and Bruton, 1988) . The main vector responsible for the expansion of invasive fish is human-mediated relocation (Van Rensburg et al., 2011) , although they are also spread through interconnected waterways (Rauchenberger, 1989) . Currently, G. affinis is present in more than 50% of South Africa's river systems and will continue to colonise new waters where the environmental conditions permit (Van Rensburg et al. 2011) .
Although G. affinis is a relatively well-studied fish, its invasive characteristics and impacts on biodiversity are controversial, with research supporting conflicting perceptions that the species is either relatively benign or a significant threat to native species (Pyke, 2008) . While humans have regarded G. affinis as beneficial because of their control of mosquitoes, G. affinis is considered likely to have deleterious impacts on the native fish, frogs and aquatic invertebrates with which they interact (Pyke and White, 2000) . Few quantitative studies, however, exist that describe the population dynamics of G. affinis in systems where it is introduced, or the direct impacts they have on native species in these habitats (Pyke, 2008) . For example, reduced densities of G. affinis are often recorded during winter months relative to summer, although the reasons for this pattern are still not well understood (Pyke, 2005) . The lack of information on this species is particularly acute in South Africa, where most existing studies on G. affinis biology are unpublished (De Moor and Bruton, 1988 
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The aim of this study was to contribute to the knowledge base for this alien species by assessing the population structure and relative abundance of G. affinis in an irrigation network in the Sundays River catchment in the Eastern Cape of South Africa. In particular, we sought to characterise the seasonal shifts in population size and growth rates, and to assess the potential role of physical (habitat) and biotic drivers (interactions with other fish species) on these dynamics. We therefore investigated population dynamics of G. affinis within the irrigation dams over the course of a single breeding season, beginning in summer and ending in winter.
METHODS

Study area
Sampling was conducted in the Sundays River Valley in the Eastern Cape Province of South Africa. This agricultural area produces mainly citrus and utilises an extensive interconnected network of canals as an irrigation source. The canal network originates from the Korhaansdrift weir, east of Kirkwood, and branches out 54 km down the valley. The canals supply approximately 400 dams used as reservoirs to irrigate citrus orchards. Sampling was conducted in 5 dams situated among the citrus farms of the Sundays River Valley (Fig. 1) . These dams were selected because pilot surveys had identified established G. affinis populations. Two of the dams represented new aquatic habitats, being 1 and 2 years old, whilst the remaining three dams were between 10 and 33 years old, representing old and well established aquatic habitats. The dams, named for the respective farms on which they were built, were Avoca (AVO), Dunbrody (DB), Sur le Sun (SLS), Olifantsklip (OLI) and Disco Chicks (DC).
Fish sampling
Four monthly sampling trips were conducted in February, March, April and June (2012) . February to April represented mid-to late-summer and June represented early winter. Gambusia affinis are known to congregate in the shallow littoral zone of still-water bodies (Miura et al., 1979) , and are generally associated with submerged aquatic vegetation (Casterlin and Reynolds, 1977) . Thus, within each of the 5 dams, 4 randomly-selected sampling sites along the water's edge were surveyed in order to capture variability in vegetation cover. Each site was resampled in subsequent sampling trips. Sampling was conducted using a scoop net with a mesh size of 2 mm and a hoop diameter of 75 cm. Four sweeps were conducted in each site, with each sweep covering an area of 4 m 2 with a maximum depth of 75 cm. The net was scooped with a quick and thorough action through the vegetation along the banks of the dam. After each sweep, all fish captured were identified and each species present in the net was counted and recorded. All G. affinis were anaesthetised with clove oil and retained for biological analysis. Other species, which included the non-native Mozambique tilapia (Oreochromis mossambicus) and native river goby (Glossogobius callidus), were returned to the water.
Physico-chemical parameters
All dams received water from the same source (the irrigation network), thus water quality parameters were expected a priori to be similar among the dams. This assumption was tested during pilot surveys conducted in July 2011, where conductivity, pH and dissolved oxygen were assessed at all five dams using a YSI multi-probe sonde (Table 1) . One-way ANOVA on physicochemical data revealed only pH to vary significantly among the sampled dams (p < 0.05). However, given the relatively narrow total range of recorded pH values (8.6-9.7) in the different impoundments, this variation was deemed not to be biologically meaningful. Later, during each sampling event, a temperature probe was used to record temperatures at 4 randomlyselected sampling sites in each dam. Water temperatures in the dams during the sampling period ranged between 25.6°C in February 2012 and 12.8°C in July 2012 (Table 1 ). The percentage of aquatic vegetation cover present in each sweep area was estimated and categorised into 4 percentage cover categories (0%, 33.3%, 66.6% and 99.9%) which represented, respectively, no vegetation cover, low vegetation cover, medium vegetation cover and dense vegetation cover. Three dams (AVO, DB, OLI) had relatively high proportions of vegetation, while the remaining two (SLS, DC) had low vegetative cover ( 487 using dam circumference and was measured using Google Earth's measurement application and satellite images.
Statistical analysis
Recorded counts of each species captured per sweep were used to investigate the difference in species relative abundance between dams and sampling events over the sampling period. The relative abundance of each of species was measured as Catch per Unit Effort (CPUE), which represents the number of fish caught per scoop. A repeated-measures ANOVA was used to test the differences in G. affinis CPUE between dams and over sequential sampling events, to assess whether or not a 'boom-bust' pattern of rapid population growth and subsequent decline occurred in each of the five sampled populations. CPUE of G. affinis were square-root transformed to meet ANOVA assumptions of normality and homoscedasticity. Significant differences in CPUE between individual sampling events were then examined using post hoc Tukey tests. The analyses were conducted using the statistical package, Statistica 10.
The average rate of increase of G. affinis per scoop per day was used to further compare the relative population growth patterns between dams across the sampling months. The average rate of increase of G. affinis per scoop per day (within each dam) was calculated using the difference in CPUE between adjacent sampling events (for each dam) and dividing that figure by the number of days that had occurred between the two sampling events. The average rate of increase of G. affinis per scoop per day was determined between all sampling events and individually calculated for each of the five dams. By graphically assessing the relative growth pattern expressed by each dam, the timing of key inflection points in the population dynamics of the five populations was then assessed.
To assess the relative importance of abiotic and biotic factors in controlling G. affinis population size, a general linear model (GLM) was used to test the effects of dam age, temperature, O. mossambicus CPUE, G. callidus CPUE and proportional density of vegetation on the relative abundance (CPUE) of G. affinis. These factors represented biologically important potential drivers of G. affinis population dynamics, which variance inflation analysis within the GLM showed to be orthogonal. CPUE of all three fish species were squareroot transformed to meet GLM assumptions of normality and homoscedasticity. Similarly, continuous abiotic factors were natural-log transformed, while proportional vegetation density was arcsin-square-root transformed. All statistical analyses were performed in Statistica 10.
RESULTS
A total of 8 096 fish were captured during the study. Of these, 6 669 were G. affinis, 1 242 were O. mossambicus and 185 were G. callidus. Gambusia affinis were captured in 87% of sweep samples, indicating CPUE estimates were not biased by high numbers of zero catches. The repeated measures ANOVA showed G. affinis populations to vary significantly among dams and across sampling events, with a significant interaction between sampling locality and sampling event also evident (Table 2 ). This result shows that, while G. affinis population size rose and fell significantly in all five dams over the season, the magnitude of both population increases and decreases varied from dam to dam (Fig. 2) . For example, while the dams AVO (Fig. 2a) , SLS (Fig. 2c) and OLI (Fig. 2d) all showed significant population declines in the fourth and final (winter) sampling event, no such trend was evident in the remaining two dams. Dam DB in contrast showed a significant increase in CPUE over the first three sampling events, without a significant crash in winter (Fig. 2b) , while DC showed no significant variation in CPUE across the study period (Fig. 2e) . Despite these variations in population dynamics, an overall trend of rapid increase, plateau, and then severe decline in density in the final winter sample was evident across all dams when the effect of sampling event alone was plotted (Fig. 2f) .
In all dams, G. affinis demonstrated a positive population growth rate during the first 36 days of the study ( Fig. 3 ; Table 3 ) with a mean relative population increase rate of a rapid 0.376 fish•scoop , and also exhibited the greatest (Fig. 3) . Subsequently, after Day 85, when temperatures dropped from 18°C to 13.9°C, populations in all dams expressed negative population growth rates indicating significant declines in population size (Fig. 3 , Table 3 ).
Results from the GLM assessing drivers of G. affinis population size revealed that dam age (years), vegetation cover (%) and the CPUE of O. mossambicus had no effect on the CPUE of G. affinis (Table 4) . However, water temperature had a significant positive effect on G. affinis CPUE, while the CPUE of G. callidus had a significant negative effect (Table 4) .
DISCUSSION
Previous international research has shown Gambusia affinis populations to increase over the summer months, and there have been reports that they are able to produce multiple generations within a single breeding season, before declining in numbers during the winter (Pyke, 2005) . This study provides new insight into the timing and variation of these population dynamics in colonised freshwater habitats in South Africa, where the biology of this invasive species is poorly known. The population growth pattern exhibited by G. affinis in the Sundays River Valley elucidates the previously described boom and bust trend that occurs in conjunction with the summer and winter season (Pyke, 2005) . This boom and bust pattern is clearly illustrated both by the seasonal variation in CPUE, as well as the variation detected in population growth rates over time. 
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Sample locality, sampling event and the interaction between sampling events and dams sampled had a significant effect on the relative abundance of G. affinis (p < 0.05 in all cases). Repeated measures ANOVA revealed an overall significant difference only between Dams DB and DC, where the combined CPUE data in DB was significantly higher than for DC. Despite this significant effect of sampling locality, there was no clear evidence that the actual location of the dams affected G. affinis populations in a meaningful way. The five populations were thus considered comparable for the purposes of this study.
The assessment of G. affinis CPUE across sampling events for all dams revealed significant overall differences between early summer (February), late summer (March and April) and winter (June), corresponding to a boom, plateau and subsequent bust across the majority of G. affinis populations. These trends represent a rapid increase in the relative population growth rate of G. affinis observed between the summer months of February and March, and take place when breeding and birth rates were likely to be at their height (Pyke, 2005) . Thereafter, as the water temperature declined between March and April, the fish appear to have stopped breeding and population growth rates in all of the dams gradually began to decline in congruency with the dropping temperature.
The GLM assessing potential biotic and abiotic drivers of G. affinis CPUE showed water temperature to have a significant effect on G. affinis during the course of the summer and winter. This phenomenon reflects the normal life history pattern that G. affinis has adapted to, whereby breeding and the production of clutches of juveniles peak in the warm summer months (Pyke, 2005) . The strong link between temperature and population dynamics suggest it is the primary controlling factor, which may supersede the influence of other abiotic and biotic factors on the species, particularly during winter.
One such factor thought a priori to be an important driver of local abundance of G. affinis was the percentage of submerged vegetative cover, given the species' well known association with such habitat features (Casterlin and Reynolds, 1977) . However, in this study vegetative cover had no significant effect on G. affinis CPUE, which suggests that the invasive success of G. affinis in South African impoundments may be independent of the presence of aquatic foliage or similar habitat.
Interestingly, the dams containing the largest and smallest G. affinis populations across all sampling events (DB and DC, respectively) also differed significantly in vegetative cover (with DB containing denser marginal vegetation). This association was however not consistently observed among the other dams, and is thus difficult to interpret.
Gambusia affinis densities were not influenced by the relative abundance of O. mossambicus, although the two species shared the same microhabitats along the edge of the dams. A likely explanation for the lack of interspecific interactions may be in the different feeding habits of G. affinis and O. mossambicus. Gambusia affinis is a pelagic and surface predatory fish (Pyke, 2005) , while O. mossambicus swim throughout the entire water column and are more generalist, feeding on diatoms, algae and detritus as well as animal prey (Russell et al., 2012) . They can therefore avoid competing for food resource by shifting their diet (Bowen and Allanson, 1982) .
The GLM did, however, reveal that populations of G. affinis were negatively affected by the relative abundance of G. callidus populations within the sampled littoral habitats of the dams. Since G. callidus also feeds opportunistically on small invertebrates or any abundant prey (Skelton, 2001) , there is likely to be interspecific competition between the two species. Glossogobius callidus may also represent a predatory threat to small G. affinis, which may precipitate avoidance behaviour in the latter species. Although not measurable using littoral zone surveys alone, spatial and seasonal variation in populations of G. callidus across the dams may have played a role in the variation in population size and growth rates observed between the five G. affinis populations. The potential ability of a native predator like G. callidus to regulate the local abundance of an invasive species like G. affinis is noteworthy, and merits further investigation.
In conclusion, the invasive success of G. affinis appears to be dependent on seasonal water temperature patterns and their interaction with the other predatory fish. Given that their optimal temperature preference is between 31 and 35°C (Pyke, 2005) , it would seem that the impoundments of the Eastern Cape are towards the lower limit of their geographic range, a fact borne out by their severe winter mortality. Nonetheless, given the rapidity with which they establish viable populations within even these cold environments (in this case a dam only 1 year old), one cannot doubt the invasive nature of this species within South Africa. 
